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Objective: Ankle fracture patients were used as a model to study the long-term effect of the removal of
joint loading on knee cartilage quality in human subjects.
Design: The knees of 10 patients with ipsilateral ankle fractures were investigated using delayed
gadolinium-enhanced magnetic resonance imaging of cartilage (dGEMRIC) at the time of ankle injury.
After 6 weeks’ prescribed unloading of the affected leg, but no restrictions regarding knee movement, the
cast was removed from the ankle and the patient underwent a second dGEMRIC examination. Physio-
therapy was then initiated. A third dGEMRIC examination was performed 4 months after remobilization,
and a ﬁnal examination 1 year after the injury.
Results: Baseline T1Gd values for the 10 patients were within a narrow range. No signiﬁcant change in
mean T1Gd was observed after 6 weeks’ prescribed unloading, but the T1Gd range had increased
signiﬁcantly. Four months after remobilization, the mean T1Gd was signiﬁcantly lower than in the
previous examinations, and the range remained signiﬁcantly broader than at baseline. At the 1-year
follow-up, the mean T1Gd was almost identical to the value after remobilization, and the T1Gd range
still showed a signiﬁcant increase compared to the baseline investigation.
Conclusions: Removal of knee cartilage loading for 6 weeks resulted in a measurable effect on the
cartilage matrix, as evidenced by a broader T1Gd range. A decrease in mean T1Gd was observed 4 months
after remobilization. These differences persisted a year after injury compared to baseline.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Glycosaminoglycans (GAGs) are important for cartilage integrity,
load distribution and compressive stiffness. Loss of matrix
molecules, including GAGs, occurs in the process of osteoarthritis1.
In addition, studies have shown that inactivity has a negative
effect on cartilage quality. Other groups have, in animal studies,
found a decrease in cartilage quality and GAG content after
immobilization27, which could be partially reversed after remobi-
lization8. Exercise, on the other hand, has been shown to have a
positive effect on cartilage quality as individuals taking regular ex-
ercisehaveahigherGAGcontent thannon-exercising individuals9,10.: H. Owman, Department of
almö, Sweden. Tel: 46-40-33-
an).
ternational. Published by Elsevier LDelayed gadolinium-enhanced magnetic resonance imaging of
cartilage (dGEMRIC) is a well-documented and validated imaging
technique used to estimate cartilage GAG content in vivo. In
dGEMRIC, an intravenous injection of the negatively charged
contrast medium (Gd-DTPA2) is given, and the molecules are
distributed inversely to the negatively charged GAG molecules in
the cartilage11,12. Gd-DTPA2 shortens the MRI parameter T1, and
the GAG content can thus be estimated within a speciﬁed region of
cartilage: a long value of T1 representing a high GAG content13. In
recently publishedworkwhere dGEMRICwas used, loss of GAGwas
observed in meniscectomized patients following anterior cruciate
ligament injury14, as well as in patients with isolated anterior
cruciate ligament injury15,16.
Due to the previous lack of non-invasive methods, few studies
have previously been performed to investigate the long-term ef-
fects of removal of joint loading on cartilage matrix integrity in
human subjects. In the present study, we used ankle fracture pa-
tients prescribed unloading of the affected leg as a model to studytd. All rights reserved.
Table I
Gender and T1Gd (ms) for all study patients
Patient
number
Gender
(M/F)
T1Gd at
baseline
T1Gd after
6 weeks’
prescribed
unloading (ms)
T1Gd 4
months after
remobilization
T1Gd 1 year
after injury
1 M 555 689 530 565
2 F 559 e* 591 619
3 F 562 548 541 447
4 M 574 652 575 520
5 F 542 479 454 467
6 M 580 533 513 ey
7 F 607 662 577 572
8 F 549 562 497 523
9 M 580 592 579 532
10 M 557 525 554 616
* Data lost during transfer.
y Patient declined to participate.
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lage using dGEMRIC.
Method
Patients
Ten patients willing to participate in the current study were
included. The patients had sustained ipsilateral ankle fractures that
required osteosynthesis (i.e., the reduction and ﬁxation of a bone
fracturewith implantable devices). Surgery was performed by eight
surgeons, both staff and residents. Either a non-rigid, adaptive in-
ternal ﬁxation technique with cerclage wiring, staples, pins, and
small-threaded screws (ﬁve patients), or a ﬁxation with a plate and
screws (ﬁve patients) was used. Surgery was immediately followed
by cast immobilization of the ankle, and unloading of the affected
leg for 6 weeks was prescribed. No restrictions were placed on knee
movement. Exclusion criteria for the study were age < 18 or  70
years, a severe illness/condition making completion of the trial
impossible, alcohol or substance abuse, prior knee injury, knee pain,
or claustrophobia. The study was approved by the Ethics Commit-
tee, and written informed consent was obtained from the subjects.
dGEMRIC and image analysis
Four dGEMRIC examinations were planned for all patients:
baseline dGEMRIC at the time of ankle injury, a second immediately
after cast removal 6 weeks after surgery, a third 4 months after
remobilization, and a fourth 1 year after injury. Each patient
received an intravenous injection of double dose (0.2mmol/kg body
weight) Gd-DTPA2 (Magnevist, Schering AG, Berlin, Germany). To
optimize the distribution of Gd-DTPA2 into the cartilage, the sub-
jects exercised on a stationary exercise bicycle for 10 min after in-
jection. Knee joint loading on the stationary bicycle was closely
monitored, and the same resistance was applied between in-
vestigations to ensure that the exercise regimen did not vary be-
tween the different time points. A standard 1.5 T MRI system
(Magnetom Sonata; Siemens Medical Systems, Erlangen, Germany)
with a dedicated knee coil was used for quantitative T1 relaxation
time measurements. Measurements were made approximately 1½
hours after contrast injection with an inversion recovery pulse
sequence in two sagittal slices (3mm thick), one positioned over the
medial condyle and the other over the lateral femoral condyle
(lateral condyle mean 85 min, medial condyle mean 91 min), using
the following parameters: repetition time ¼ 2000 ms, echo
time ¼ 15 ms, turbofactor 11, ﬁeld of view 120  120 mm2,
matrix ¼ 256  256, and inversion times ¼ 50, 100, 200, 400, 800,
and 1600ms. The anatomical locations of all dGEMRIC images were
comparedwith the previous investigation in order to ensure similar
slice positioning. In these slices, a full-thickness region of interest
(ROI), including a separate superﬁcial onepixel thickROI,was drawn
in the central parts of themedial and lateral femoralweight-bearing
cartilage between the center of the tibial plateau and the rear
insertion of the meniscus, as described previously17. The ROI values
were subsequently used for relaxation time (T1Gd) calculation. The
mean value of T1Gd was calculated from the values obtained in the
medial and lateral compartments12. Values at the second dGEMRIC
examination were lost for one of the patients due to data transfer
failure. Another patient declined to participate in the fourth
dGEMRIC examination due to lack of time. dGEMRIC images were
analyzed by one individual (HO) using MATLAB (The MathWorks
Inc., Natick, MA, USA) and the MATLAB-based Mokkula software
developed by Eveliina Lammentausta, licensed by the University of
Oulu, Finland. T1Gd does not seem to correlate with either age or
sex, hence no corrections were made for these parameters18.Physiotherapy
Physiotherapy was initiated after cast removal 6 weeks after the
injury. All patients were given the same standard instructions for
exercise after cast removal following ankle fracture, and consisted
of exercises intended to improve joint motion, muscle strength,
gait, and balance. The instructions were given by a single physio-
therapist (YE).
Statistical analysis
Pitman’s t-test was used to investigate the variance ratio of
T1Gd19. The paired t-test was used to evaluate differences in mean
T1Gd for the group. All calculations were performed using STATA. A
P-value  0.05 was considered statistically signiﬁcant.
Results
Patient demographics and BMI
Of the 10 patients included, ﬁve were male. The mean age was
42.7 years (range 19e67). Mean body mass index (BMI) for the
group was 26.0 (range 22.8e29.7). BMI can be a source of dosing
bias in dGEMRIC and a correction factor should be considered in
cross-sectional studies with a large range of BMI20. In the current
group the BMI range was narrow with no obese or underweight
subjects, consequently no correction for BMI was made.
Mean T1Gd values
The baseline value of T1Gd (mean  1 standard deviation (SD)
[95% conﬁdence interval (CI)]) for the whole group of patients was
567  19 (553e580) ms (Table I and Fig. 1). After 6 weeks of pre-
scribed unloading, T1Gd had increased slightly to 582  71 (479e
689) ms, but the change was not statistically signiﬁcant (P ¼ 0.5).
Four months after remobilization, themean T1Gd for the groupwas
541  43 (454e591) ms, which was signiﬁcantly lower than the
baseline value (P ¼ 0.05) and after 6 weeks of prescribed unloading
(P ¼ 0.04). At the 1-year follow-up, the mean T1Gd was 540  60
(447e619) ms, showing no statistical difference from the value 4
months after remobilization (P ¼ 0.8).
Range of T1Gd
The range in baseline T1Gd was 542e607 ms (Table I and Fig. 2).
After 6 weeks of prescribed unloading, this had increased signiﬁ-
cantly, to 525e689 ms (P ¼ 0.002, ratio of SDs ¼ 0.28, 95%
Fig. 1. Mean T1Gd (with 95% CIs) at baseline, after 6 weeks of prescribed unloading, 4
months after remobilization, and 1 year after injury.
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was 454e591 ms, and was signiﬁcantly broader than at baseline
(P ¼ 0.01, ratio of SDs ¼ 0.44, 95% CI ¼ 0.24e0.82). At the 1-year
follow-up, the range was 447e619 ms, showing a persisting in-
crease in range compared to the baseline value (P ¼ 0.008, ratio of
SDs ¼ 0.33, 95% CI ¼ 0.15e0.73).
T1Gd values for superﬁcial cartilage
T1Gd ranges for the superﬁcial, one pixel thick, cartilage layer
were similar to those of the full-thickness measurements, and the
mean T1Gd of the superﬁcial cartilage results were nearly identical
to full-thickness values (data not shown).
Discussion
Changes in cartilage quality and GAG content as a result of joint
immobilization and unloading have previously been studied in
animals. A decrease in cartilage quality and GAG content has been
reported after immobilization of the temporomandibular joint in
primates2, and of the canine stiﬂe joint3e7. The effect was found toFig. 2. Individual T1Gd at baseline, after 6 weeks of prescribed unloading, 4 months
after remobilization, and 1 year after injury.be partially reversed after remobilization8. A decrease in knee
cartilage proteoglycans, similar to changes found in canine knee
cartilage after cast immobilization, was described by Palmoski et al.
in canines with ipsilateral paw transection21. Contrary to these
ﬁndings, an increase in cartilage proteoglycans was found in the
knee cartilage of guinea-pigs 3 months after ipsilateral below-knee
amputation22. The diversity of these ﬁndings makes it difﬁcult to
interpret and assess the relevance of animal studies in the clinical
setting.
Few attempts have been made to study the long-term effect of
changes in load bearing on cartilage in vivo in humans. The moti-
vation for the present study is to investigate if change in cartilage
loading is a factor that may affect cartilage composition, and thus is
a factor that needs to be taken into considerationwhen conducting
dGEMRIC studies. The ankle injury is per se not the focus of the
study, as the ankle injured patient was merely chosen as a means to
study unloaded cartilage. A similar post-ankle-fracture model was
used by Hinterwimmer et al. to investigate the effect of partial load
bearing on cartilage thickness, volume, and surface area23. Signiﬁ-
cant decreases in cartilage thickness and volumewere found after 7
weeks of partial load bearing, however, changes in the structural
matrix on the molecular level were not studied. In a study by Souza
et al., using T1rho and T2 relaxation times and a shorter follow-up
of 10e12 weeks, a substantial ﬂuctuation in cartilage composition
was observed after 6e8 weeks of knee cartilage unloading24. This
was attributed to a decrease in proteoglycan content and disorga-
nization of the collagen network. After 4 weeks of remobilization,
relaxation times returned to baseline levels, demonstrating
reversibility in compositional ﬂuctuations.
In the current study, we found no change in mean T1Gd after 6
weeks of prescribed joint unloading, but a decrease in T1Gd was
observed 4 months after remobilization. This ﬁnding suggests that
changes in the structural matrix on the molecular level, resulting in
deterioration of cartilage quality, may occurmore slowly than those
previously reported in cartilage thickness and volume23. The values
of mean T1Gd 4 months after remobilization and 1 year after injury
were not different, indicating that a longer follow-up time is
needed to detect any restoration of cartilage quality.
Interesting changes in the range of T1Gd were seen in the pre-
sent study. At the time of injury, the values were within a narrow
range. This has also been observed in a study by Tiderius et al., in
which subjects with a moderate level of physical activity exhibited
T1Gd values with a narrower range than non-exercising individuals
and elite athletes9. We found that removal of cartilage loading for 6
weeks resulted in a measurable effect on the cartilage matrix, as
evidenced by a broader range of T1Gd values. This broader distri-
bution of T1Gd values in the knee cartilage matrix persisted 4
months after remobilization and at follow-up 1 year after injury.
Data from our group, as well as from others, indicate that factors
other than cartilage GAG concentration e such as collagen content,
cartilage thickness and permeability, supply of contrast agent in the
joint, and alterations in diffusion emay inﬂuence T1Gd25e29. It can
be speculated that non-GAG related factors like these contribute to
the diversity in values seen in this study after removal of knee joint
loading. In the current study, the T1Gd ranges for the superﬁcial,
one pixel thick, cartilage layer were similar to those of the full-
thickness measurements, and the mean T1Gd of the superﬁcial
cartilage results were nearly identical to full-thickness values (data
not shown). Thus, we have no indications that there is a pharma-
cokinetic issue regarding diffusion of contrast medium into or
through the cartilage.
Results from dGEMRIC have already made valuable contribu-
tions to clinical research on early changes in the cartilage matrix.
For example, it has been shown that it is possible to discriminate
between high and low cartilage quality in the knees of different
H. Owman et al. / Osteoarthritis and Cartilage 22 (2014) 928e932 931groups of patients. Lower cartilage quality is found in subjects with
a lower level of physical activity, following an anterior cruciate
ligament injury, following a partial meniscectomy, with a higher
BMI, and with lower thigh muscle strength9,15,16,30. In the present
study, knee joint unloading appeared to have a measurable effect
on cartilage quality, and this may be another factor to consider in
dGEMRIC studies. Low intra- and interobserver variability has also
been reported31,32, as well as a high repeatability32e34 in both the
knee and hip.
Changes in pre- and post-contrast relaxation rate (DR1) have
been suggested as an alternative parameter to T1Gd in dGEMRIC.
However, DR1 requires analysis of both pre-contrast T1Gd values
(T1Gdpre) and post-contrast T1Gd, as DR1 ¼ 1/T1Gd  1/T1Gdpre.
The value of 1/T1Gd has been found to be up to 50 times greater
than 1/T1Gdpre, making DR1 and T1Gd highly inversely corre-
lated12,29,35. As a result, T1Gd was used for evaluation in this study.
The current study has some limitations that need to be addressed.
We have no way of knowing if the patients have unloaded the
affected leg as prescribed, as actual load has not been continually
monitored. It is unlikely, however, that patients were able to load
fully on the injured ankle. If a patient loaded the knee normally
throughout all MRI time points during the study period, it is likely
that no changes in T1Gd would have been observed in that
particular patient. Also, some patients demonstrated increasing
T1Gd values during the 6-week unloading period, even though it is
highly unlikely that any patient increased knee load during the
time of injury. Hence, we have no indications that patients loaded
their knees normally during the unloading period. Furthermore, we
have not obtained images of the contralateral knees for comparison
purposes. Data from the contralateral knees could perhaps have
contributed important information on the behavior of the loaded
cartilage during the unloading-remobilization process, possibly
demonstrating other confounding factors at play not related to
unloading. In addition, the ankle fractures were not of the same
type and the ﬁxation techniques varied, which could have affected
the course of recovery. We know little of the latter as physical ac-
tivity was monitored only at baseline and after 1 year, not period-
ically. Finally, the age range of included patients is large, but as
dGEMRIC values were within a narrow range at baseline it can be
suggested that all patients had similar cartilage quality at the time
of inclusion.
In conclusion, removal of knee cartilage loading for 6 weeks
caused a measurable effect on the cartilage matrix, resulting in a
broader range of T1Gd values in the group studied. A decrease in
mean T1Gdwas also observed, but this was not seen until 4 months
after remobilization. These differences persisted a year after injury.
Although this study was carried out on a small group of patients, it
is, to the best of our knowledge, the only published longitudinal
study on the long-term effect of removal of joint loading on carti-
lage quality in human subjects.
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